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We propose a novel probe of fundamental physics by the exploitation of the temporal corre-
lations between the multi-frequency electromagnetic (EM) signal and the stochastic gravita-
tional wave background (SGWB) 1–7 originating from coalescing binaries. This method will
be useful for the detection of EM counterparts associated with SGWB sources. Measurement
of the inevitable time-domain correlations between different frequencies of gravitational and
EM waves 8–16 will test several aspects of fundamental physics and theory of gravity, and ex-
plore a new pathway for studying the universal nature of binary compact objects up to high
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redshifts. Exploiting the time delay between concomitant emission of the gravitational wave
and EM signals enables inference of the redshifts of the contributing sources by studying the
time delay dilation due to cosmological expansion, if the time-lag between the emission of
gravitational wave signal and EM signal acts like a standard clock. Exploration of the time-
domain correlations between multi-messenger probes will bring new research directions to
the understanding of transient sources, in a way that is accessible with current and future
gravitational wave observatories17–23.
Multi-frequency observations of a coalescing binary object in both gravitational and electro-
magnetic (EM) waves were first made for the neutron star binary merger GW170817 24–27. This
event left its imprint in the gravitational wave signal, as well as on the EM signals from gamma
rays to the radio domain. Such an event makes it possible to study both astrophysical and cos-
mological aspects 27–30. Analogously to this relatively nearby event, there inevitably are multiple
astrophysical sources (binary neutron stars (BNSs), neutron star-black hole (NS-BHs), and binary
black holes (BBHs)) coalescing in the observational Universe at high redshifts that cannot be de-
tected as individual events. However distant events contribute to, and even dominate, the energy
density of the stochastic gravitational wave background (SGWB). This is expressable, with respect
to the critical energy density of the Universe ρcc2 = 3H20c
2/8piG, and the number of compact
objects n(z, tr(z), θ, αˆ) coalescing in direction αˆ emitting gravitational wave signal per comoving
volume between time tr(z) to tr(z + ∆z) for the astrophysical parameters denoted by θ ∈ {mass
2
of the coalescing binaries, spin, inclination angle} with probability p(θ) 1–7, as
ΩGW (f, t, αˆ) =
1
ρcc2
∫
dz
∫
dθp(θ)
n(z, tr(z), θ, αˆ)
(1 + z)
dEGW
d ln fr
(fr, θ, tr(z), αˆ)
∣∣∣∣
fr=(1+z)f
, (1)
where tr(z) is the time in the source frame and t is the time in the observer’s frame and the
observed frequency which is related to the source frequency by the relation f = fr/(1 + z). The
number of overlapping coalescing binaries which contribute to the SGWB signal in a particular
time t at a frequency f can be determined using the duty cycle (see Methods section) which is
shown in Fig. 1 for the merger rates n˙BBH = 100 Gpc−3yr−1, n˙NS−BH = 30 Gpc−3yr−1, and
n˙BNS = 10
3 Gpc−3yr−1 31, 32. The duty cycle for stellar origin compact objects is going to be less
than one for SGWB frequency f > 20 Hz, and as a result, the sources contributing to the SGWB
are non-overlapping and can be distinguished. The difference in the duty cycle is going to show
different temporal behaviors of the SGWB signal for different kinds of compact objects (such as
BNSs, NS-BHs, and BBHs), that can be used to differentiate between these sources 7. The current
upper bounds on the all sky-integrated strength of SGWB and directional SGWB from the O1+O2
data of LIGO-Hanford, LIGO-Livingston, and Virgo is 4.8×10−8 5 and 14×10−8 (using the broad
band radiometry method) 6 respectively for ΩGW (f) ∝ f 2/3. The strength of the SGWB power
spectrum is a direct probe to the merger rate of the high redshift sources 7, 33, 34 and can also be used
for estimation of the event rate of lensed systems 35.
The astrophysical gravitational wave sources which are also likely to emit EM signals include
BNS8–10, NS-BH11, BBHs36, 37, and supermassive BBHs (SMBHs) 11–16. The characteristic time-
delay in the source frame between emission in the rest frame ∆tfrνr is associated with the binary
system properties, and unlikely to depend on source redshift. These sources can emit EM signals
3
Figure 1: We show the duty cycle as a function of frequency for BNS, NS-BHs and BBHs in
the frequency range observable from the ground based gravitational wave detectors. For non-
overlapping gravitational wave sources, the values of the duty cycle are less than one.
over a wide range of frequencies ranging from gamma-rays to radio signals. The corresponding
intensity of the EM signal from all the sources I(ν, t, αˆ) can be expressed as
Iν(t, αˆ) =
∫
dz
c
4piH(z)(1 + z)3
∫
dθp(θ)n(z, tr(z), θ, αˆ)LEM(νr, θ, tr(z), z, αˆ)
∣∣∣∣
νr=(1+z)ν
, (2)
where LEM(νr, θ, tr(z), z, αˆ) is the luminosity of the EM signal at the source frequency νr = (1 +
z)ν from a binary system with intrinsic source parameters denoted by θ ∈ {mass of the coalescing
binaries, spin, inclination angle} at the time in the source frame tr(z) from sky direction αˆ. The
luminosity of the EM signal LEM(νr) depends on the properties of the astrophysical systems and
on the stage of the merger 8–10, but the true nature of LEM(ν) for different sources is not yet known
from observations. The characteristic properties of the light curves at different EM frequency bands
are likely to be different for BNS8–10, NS-BH11, and SMBHs11–16. The behavior of the EM signal
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Figure 2: A schematic diagram showing the basic principle behind the time-domain correlation
between SGWB and EM signal from the same sky location. In the upper panel we show the
simulated time-series data at a gravitational wave frequency f for two different detector setup
denoted by I and II . The three exaggerated gravitational wave signals s(ti) are shown at time ti
for the purpose of illustration assuming three different sky location shown by the map in the right.
In the bottom panel, we show the simulated time-series data of the EM signals s(ti + ∆t) from
these sources after time ∆t at three different EM frequencies ν1, ν2, ν3. The corresponding sky
map of the EM signal is shown in the right for three different frequency channels. For the purpose
of the illustration, we have considered a simple case of emission of the EM signal after a same
time difference ∆t in all the frequency channels.
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and their light curve properties can be used to differentiate between different types of sources and
their morphology.
The emission of the EM signals at frequency ν from gravitational wave sources emitting at
frequency f (during inspiral, or merger, or ringdown phase) will lead to an inevitable correlation
in the time domain with a time-lag ∆tfν = tf − tν at fixed sky direction. A schematic diagram
is shown in Fig. 2 explaining the underlying principle of the temporal correlation. Gravitational
wave sources contributing to the SGWB can be detected in two different detectors denoted as hI
and hII at an observed frequency f (shown in the upper two panels). If the binary source emitting
the gravitational wave signal also emits an EM signal at different frequencies ν1, ν2, and ν3 (three
lower panels) after a time delay ∆tfνi , then it will appear in the same sky location.
The expected time-domain correlation function can be written as
Cfν(tobs,∆tfν , αˆ) =
∫
dz
4piρccH(z)(1 + z)4
∫
dθ p(θ)n2(z, tr(z), θ, αˆ)
dEGW
d ln fr
(fr, θ, tfr(z), αˆ)
× LEM(νr, θ, tνr(z), αˆ)δ(tfr(z)− tνr(z)−∆tfrνr(z)),
(3)
where, ∆tfrνr = ∆tfν/(1 + z) is relation between the correlation time-scale between the source
frame and the observer frame, and tfr (and tνr) are the time in the source frame for the SGWB
signal (and EM signal). If a gravitational wave source contributing to the SGWB has follow-up
EM emission after a time delay ∆tfrνr after the end of the inspiral stage of the binary in its rest
frame, then assuming the general theory of relativity, the observed time delay is
∆tfobsν =
∫ fmerg
fobs
dτ
df
df + (1 + z)∆tfrνr , (4)
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where the first term denotes the duration of the gravitational wave signal between the observed
frequency fobs and the frequency at the end of the inspiral phase fmerg in the observer’s frame,
after which the EM emission at frequency νr can be characterised by the time duration ∆tfrνr .
Since from the SGWB, we cannot measure the phase of the gravitational wave signal, we cannot
infer the stage of the inspiraling binary system which we observe at frequency fobs. As a result, the
first term is an unknown shift for every pair of combinations of fr and νr. However as this time-
shift is constant for multiple frequency bands of the EM signal, we can exploit the characteristic
time-lag between gravitational wave signal and EM signal at two different frequencies ν and ν ′ for
a same SGWB signal by
∆tfobsνν′ ≡ ∆tfobsν −∆tfobsν′ =(1 + z)∆tfrνrν′r , (5)
where ∆tfrνrν′r ≡ ∆tfrνr −∆tfrν′r is the difference between the characteristic time-scale for grav-
itational wave emission at frequency fr and EM emission at frequencies νr and ν ′r in the source
rest frame. The characteristic time-scale ∆tfrνrν′r is related to the underlying physical mechanism
associated with the astrophysical systems, and will not depend on the observation time and sky
direction 1. If the characteristic time-scale ∆tfrνrν′r is driven primarily by the scales associated
with the astrophysical compact objects, then it is unlikely to depend on the cosmic epoch and its
source redshift z. As a result, we can expect the characteristic time-scale to be unique and act like
a standard clock for similar kinds of binary systems. The time difference ∆tfrνrν′r in the rest frame
of the source is going to vary for different types of binaries (BNS, NS-BH, BBHs, SMBHs), but
can be characterised as standard clock for each individual types of binaries. By using the EM spec-
1Arising from the fact that the Universe is isotropic
7
trum Iν , we can characterize the type of sources contributing to the SGWB and the characteristic
time-scale ∆tfrνrν′r can be modelled from the low redshift individual events.
Using such a standard clock, we can infer the source redshift using Eq. (5). The correspond-
ing minimum variance estimator for inferring the redshifts of the gravitational wave sources by
combining all N frequency channels is
1 + zˆ =
(∑
N
1
2σ2tGW (f) + σ
2
tEM
(ν) + σ2tEM (ν
′)
)−1∑
N
1
2σ2tGW (f) + σ
2
tEM
(ν) + σ2tEM (ν
′)
∆tfνν′
∆tfrνrν′r
,
(6)
where σ2tGW (f) and σ
2
tEM
(ν) are the measurement errors associated with the arrival time of the grav-
itational wave and EM wave. The variance σ2z on inferred redshift zˆ is σ
2
z =
(∑
N
1
2σ2tGW
(f)+σ2tEM
(ν)+σ2tEM
(ν′)
)−1
.
For about a kHz sampling rate of the gravitational wave signal and EM signal, we can measure the
redshift by this avenue with an accuracy σz ∼ 10−3 from a single combination of the frequency
channels f , ν and ν ′. A further reduction in the error bar (by 1/
√
N ) is possible by combining all
the channels. An alternative way to find the redshift of the SGWB sources can be through identi-
fying the host galaxy from an photometric/spectroscopic follow up using EM telescopes 38–45 after
observing the EM counterparts for those signals which shows a strong time-domain correlation
with the GW signal.
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Figure 3: We show the correlation as the function of the time delay ∆tfν between the SGWB signal
at frequency f and EM signal at frequency ν from two different cosmological redshift z = 1, and
z = 2. For comparison we show the expected correlation in the rest frame.
By estimation of the redshift from the standard clock method (given in Eq. 6) or by the host
galaxy identification, we can write Eq. (3) as a tomographic estimate at every redshift (see Eq.
(5)). After integrating over the observation time and sky directions, we can obtain the time-domain
correlation signal as 2
Cfν(∆tfν = ∆tfrνr(1 + z)) =
∫
dθ p(θ)n2(z, tfr , θ)
ρccH(z)(1 + z)4
×
〈
dEGW
d ln fr
(fr, θ, tfr(z))LEM(νr, θ, tfr(z) + ∆tfrνr(z), z)
〉
tobs,αˆ
.
(7)
This signal depends on the intrinsic source property of the astrophysical system (the term present
in the angular bracket), number density of emitting systems n(z, t′, θ), and the expansion history
of the Universe H(z). The spectral shape of the time-domain correlation signal depends on the
2The angular bracket 〈.〉tobs,αˆ ≡ 1Tobs4pi
∫
d2αˆ
∫
dt
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spectral shape of the EM signal LEM . Even in the absence of a characteristic time-scale ∆tfrνr ,
the time-domain cross-correlation signal between gravitational waves and EM signal will exist,
and can be used to explore the property of the astrophysical sources.
The expected correlation between SGWB signal and a power-law model of the EM signal
(see Eq. 14 in methods) is shown in Fig. 3 for sources at redshift z = 1 and z = 2. For comparison,
we also plot the expected signal in the rest frame of the source. The shift and stretch in the curve
happen due to time dilation arising from the expansion of the Universe. The behaviour of the
temporal correlation function is going to be useful to study astrophysical systems such as BNSs,
NS-BHs, SMBHs up to high redshift with the aid of the SGWB. For the correct association of the
EM signal with the SGWB signal, it is required that the observed characteristic time-scale ∆tfν
between gravitational wave frequency f and EM frequency ν is shorter than the time gap between
the emission of two signals ∆tGW at the same sky location in the SGWB map, i.e. ∆tfν < ∆tGW .
∆tGW is related to the event rate by the relation ∆tGW =
(∫ dz c d2c n˙(z)
H(z)(1+z))
)−1
, where dc denotes the
comoving distance to redshift z.
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Figure 4: We show the normalised correlation coefficient between the mock time-series data of
SGWB and EM signal as the function of the observation time tobs after performing 10 seconds bin
average. The correlation between the two are large when the signals are present in both the data
samples (SGWB and EM signal), otherwise it does not show strong correlation.
To show a proof of principle of the time domain correlation, we implement this method on a
simulated time-series data assuming two detectors (hI(t) and hJ(t)) and EM signals Iν(t) for two
frequency channels. The simulated time-series is assumed to have two injected sub-threshold grav-
itational wave signal at the level 0.5-σGW (where σGW is the standard deviation of the gravitational
wave detector noise) and the EM signal is considered to be 2σ above the noise background (see
method section for the details). The time-domain cross-correlation between ΩGW (f, t) and Iν(t)
is shown in Fig. 4 after averaging over temporal window 10 seconds using the estimator given in
Methods (see Eq. 15). The correlation between the two is large only when the signal is present in
both SGWB mock data ΩGW (f, t) and EM mock data Iν(t), otherwise, it shows no distinct feature
in the cross-correlation. The time-domain correlation is going to be useful for searching for EM
counterparts associated with the sources contributing to the SGWB. In the absence of the signal,
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the cross-correlation between the two time-series does not lead to a constructive signal. This is
the key aspect which makes the time-domain correlation between the gravitational waves and EM
waves a clean way to measure the EM counterparts to the signals which ordinarily are hidden in
the noise of the gravitational wave detector. Since EM detector noise having zero mean and is
uncorrelated with the gravitational wave detector noise, makes it possible to find strong correlation
only when the signal is present in both the EM and SGWB data. By combining the time-domain
correlated measurement from multiple frequency bands of EM observations and exploiting their
light-curve properties, one can identify the EM counterparts associated with the integrated SGWB.
ConsideringNp number of sky patches with joint gravitational wave and EM signals detected
all over the sky per year after combining all gravitational wave detectors, we can write the signal-
to-noise ratio (SNR) for the measurement of the Cfν(∆tfν) as
SNR(Cfν(∆tfν)) =
(∑
Tobs
(
NpTobs
yr
)
C2fν(∆tfν)
∆Ω2Neff (f)∆I2Neff (ν)
)1/2
, (8)
where, Ω2Neff (f) is the effective noise on the SGWB from all pairs of detectors at the gravitational
wave frequencies f within the bandwidth ∆f . ∆I2Neff (ν) is the effective noise on the intensity
of the EM signal at the frequency ν after combining all the detectors. The detailed estimation of
the SNR for a network of gravitational wave detectors is discussed in the Methods section (see Eq.
16). Though, the high SNR SGWB measurement is going to be limited by the angular resolution
∆Θ ∼ 1 radian 7, EM counterpart measurements are going to provide accurate identification of
sky localization. As a result, angular scales which are unresolved in the SGWB signal, can be
probed with the aid of EM signals. Hence the number of independent sky patches Np in the time-
domain cross-correlation technique is going to be large and will be limited by the resolution of the
12
instruments measuring EM signal.
This new unexplored avenue proposed in this work makes it possible to study a broad range of
scientific aspects in the field of astrophysics, cosmology, and fundamental physics. Astrophysics:
(i) This method enables to search for the EM counterpart for the SGWB sources. (ii) The mag-
nitude and shape of the correlation signal for different characteristic time ∆tfν will explore the
energy budget of the astrophysical sources and their temporal evolution up to high redshift. (iii)
The time-domain correlation between the SGWB and EM signals will help to distinguish BNS and
NS-BH systems from the BBHs (or sources without EM counterparts). (iv) The inference of the
redshift of the source and the accurate sky localization of the gravitational wave sources from any
EM counterparts is going to help in identifying the host galaxy. Hence the population of the grav-
itational wave host can be studied up to high redshift. (v) The redshift distribution of the merger
rates can also be probed by this method which is going to be useful for distinguishing astrophysical
compact objects and primordial black holes if the latter constitutes the dark matter.
Cosmology and Fundamental physics: (i) In the presence of a characteristic time-scale,
the measurement of the time-dilation will provide direct evidence of the expansion of the Uni-
verse and can be used to identify the redshift to the sources contributing in SGWB using Eq.
(6), (ii) The observed time delay between the gravitational wave and the EM signals makes it
possible to study the speed of propagation of both signals in space-time. The constraints on the
difference between the speed of propagation of gravitational waves cGW and EM waves cEM as
∆cEM−GW/cEM = cEM∆tfν/Dl(z) are going to improve by several orders of magnitude (by a
13
factor (26 Mpc/Dl(z))) than the existing bounds from GW170817 25, 27, due to the large luminosity
distance Dl(z) accessible to the SGWB sources. For example, sources contributing to the SGWB
signal from redshift z = 5 are going to provide stronger constraints by a factor ∼ 104 than the
existing bound from GW170817 25, 27. Moreover, all-sky averaging is going to reduce the uncer-
tainties associated with the individual sources and will also improve the constraints by
√
NpTobs.
(iii) The dispersion of gravitational wavesE2 = p2c2 +m2c4 for different frequencies can be tested
by comparing the time differences between the propagation of the gravitational wave signal and the
EM signal ∆tfν . (iv) The comparison of the time delay for different frequencies is going to test the
theory of gravity from the equivalence of the Shapiro time delay between gravitational wave signal
and EM signal due to gravitational lensing 46. Using the SGWB signal originating from different
redshifts, a tomographic estimation of the Shapiro time delay can be measured. (v) With the avail-
ability of all-sky searches for the neutrino background 47, the temporal cross-correlation between
gravitational waves and neutrinos, and between EM signals and neutrinos can be explored.
The time-domain correlation between gravitational wave and EM signals will open a unique
window to study the SGWB and its sources from the network of ongoing/upcoming detectors 48
such as LIGO 17, 49, 50, Virgo 18, 51, KAGRA 19, 52, LIGO-India 20, and in the future from LISA 21,
Cosmic Explorer 22, and Einstein Telescope 23. Our proposed method will exploit the universal
nature of the time-lag between the emission of the gravitational wave and EM signals (detectable
from the ongoing/upcoming missions 38–45, 53), which can be used to determine the redshifts of
the gravitational wave sources contributing to the SGWB. Using this method several aspects of
astrophysics, cosmology, and fundamental physics are going to be explored. The time-domain
14
correlation proposed in this work applies also to the individual gravitational wave events, and also
to the sub-threshold gravitational wave events. This will be explored in future work. Along with
temporal correlation, the cross-correlation between EM and gravitational wave signal in the spatial
domain is also going to provide a multi-messenger study of the Universe 54, 55. This new area of
research using time-domain multi-messenger multi-frequency signals potentially develops a new
domain for exploration of the cosmos at high redshift.
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Methods
1 Gravitational wave signal from coalescing binaries
The compact objects contribute to the SGWB signal in its inspiral, merger, and ring down phase.
The corresponding energy spectrum per logarithmic frequency bin is
dEGW (θ)
dfr
=
(Gpi)2/3M5/3c
3
G(fr), (9)
where G(fr) captures the frequency dependence of the gravitational wave signal which can be
modeled as 56
G(fr) =

f
−1/3
r for fr < fmerg,
f
2/3
r
fmerg
for fmerg ≤ fr < fring,
1
fmergf
4/3
ring
(
fr
1+(
fr−fring
fw/2
)2
)2
for fring ≤ fr < fcut,
(10)
where fx = c3(a1η2 + a2η+ a3)/piGM in terms of total mass M = m1 +m2 and symmetric mass
ratio η = m1m2/M2. The values of a1, a2, and a3 for different fx are mentioned in table 1 56. For
a given coalescing binaries of masses m1 and m2, the binaries will be emitting gravitational waves
in the inspiral part up to frequency fmerg, followed by the ringdown part up to frequency fring,
and will stop emitting gravitational wave signal after fcut. fw denotes the width of the Lorentzian
function 56. The frequency of the emitted gravitational wave signal is inversely proportional to the
total mass M of the coalescing binaries as shown in Eq. (10), resulting into a higher observed
frequency from the ring down phase for lighter total masses than for the systems composed with
heavier total mass.
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The duty cycle for the gravitational wave sources contributing to the SGWB signal is defined
as 57, 58
dD
df
=
∫
dz n˙(z)
dτd
df
, (11)
where n˙(z) is the global event rate as a function of the cosmological redshift z and the duration
gravitational wave signal spends at frequency f is
dτd
df
=
5c5
96pi8/3G5/3M5/3z f 11/3
, (12)
where,Mz is the redshifted chirp mass of the gravitational wave sources. For values of the duty
cycle dD
df
> 1, the observed SGWB is dominated by the overlapping gravitational wave sources. In
the opposite limit, the SGWB is going to be sporadic.
2 Time domain correlation on simulated data
The time-domain correlation between the stochastic gravitational wave background (SGWB) and
the EM signal for different frequency bands of gravitational waves and EM waves is shown from
a sample of simulated data as a proof of principle. For the gravitational wave data, we obtain
time-series data for a pair of gravitational wave detectors i ∈ {I, J} as hi(t) = s(t) +ni(t), where
hi(t) is the total gravitational wave strain in the ith detector, composed of the gravitational wave
signal s(t) and the Gaussian noise realizations ni(t, xˆ) for the ith detector with known noise power
spectrum according to the design sensitivity of the LIGO-Virgo detectors 17, 18. The Gaussian noise
realization for different detectors are uncorrelated. For the gravitational wave signal, we consider
binary neutron star (BNSs) of individual mass MNS = 1.4M with two signals within a time-
series data of length 1000 seconds. For BNSs, with the currently known event rate from LVC 31,
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the duty cycle is ongoing to be less than one for frequency range f ≥ 20 Hz (as shown in Fig. 1),
which makes the sources non-overlapping in time-domain. So, we consider two non overlapping
sources contributing to the SGWB signal in a mock data length of 1000 seconds. We apply the
cross-correlation between the two simulated SGWB data hI(t) and hJ(t), to obtain the SGWB
power spectrum (ΩˆobsGW (f, t, αˆ)) at frequency f using
1, 59–62
ΩobsIJ (f, t, αˆ) ≡〈hI(f, t)h∗J(f ′, t)〉 = δ(f − f ′)〈sI(f, t, αˆ)s∗J(f ′, t, αˆ)〉, (13)
For the injected gravitational signals, we consider EM signal in the frequency bands νr = 107
Hz and νr = 1013 Hz, with a simple model of the light-curve written in terms of the time duration
∆tfrνr after the merger of the gravitational wave sources and emission of the EM signal in the
source rest frame by 63, 64
Iνr(∆tfrνr) = Aν
(
νr
ν0
)−β((
∆tfrνr
tp
)−α1κ
+
(
∆tfrνr
tp
)α2κ)−1/κ
, (14)
where for this simple model, tp denotes the peak time whose value is taken as 9 seconds , the
rise and the decay parameters α1 and α2 are taken as 0.9 and 2.0 respectively. The smoothness
parameter κ = 2 is considered in this analysis. The frequency dependence of the emission in
considered as a power-law with the index β = 0.585 with the pivot point ν0 = 107 Hz. The
amplitude of the flux Aν is considered to be frequency dependent with Aν=107Hz = 0.01 Jy/sr and
Aν=1013Hz = 10
−3 Jy/sr. The standard deviation of the noise for the EM signal is considered to be
constant in time as σIν/Iν = 0.5 (which resembles only a 2σ detection of the EM signal).
Using the map of SGWB ΩobsGW (f, t, αˆ) =
(32pi3f3)
3H20
δ(f − f ′)〈hI(f, t, αˆ)h∗J(f ′, t, αˆ)〉 1 at
frequency f , we can write an estimator for the time-domain correlation with the intensity map
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Iobs(ν, t, αˆ) of the EM signal 3 as
Cfν(tobs,∆tfν , αˆ) ≡
〈(
ΩobsGW (f, t
′, αˆ)− ΩbGW (f, t′)
)(
Iobsν (t′ + ∆tfν , αˆ)− Ibν(t′ + ∆tfν)
)〉
,
=
1
δt
∫ tobs+δt/2
tobs−δt/2
dt′
(
ΩobsGW (f, t
′, αˆ)− ΩbGW (f)
)(
Iobsν (t′ + ∆tfν , αˆ)− Ibν
)
,
(15)
where, δt is the small time interval over which we average the signals between the EM signal
at frequency ν, with the gravitational wave signal at frequency f . The averaging time is much
larger than the sampling time step δtsam of the SGWB signal, and small/similar to the temporal
correlation scale ∆tfν = (1 + z)∆tfrνr , i.e. δtsam << δt . ∆tfν . ΩbGW (f) and Ibs(ν) is the
sky and time averaged background. In the absence of a correlated signal in both ΩGW (f) and
Iobss (ν), the above estimator given in Eq. (15) vanishes. The cross-correlation technique makes it
possible to isolate the signal from the noise, even when the signal is weak as the noise between
different detectors are uncorrelated. This shows that time-domain cross-correlation is a clean way
to identify the EM counterparts to the SGWB sources.
We apply the estimator given in Eq. (15) between the SGWB signal ΩobsIJ (f, t, αˆ) with the
intensity of the EM signal Iν(t+ ∆t) for different values of the time ∆t with the integration time
scale δτ = 10 seconds. The cross-correlation signal between the mock data samples is shown
in Fig. 4, indicating that the cross-correlation shows a spike when the signal is present in both
SGWB and EM signal. The SGWB signal does not correlate with the noise in the EM signal and
shows correlation only with the astrophysical source at the same spatial location separated by time
difference time ∆tfν .
3Iobs(ν, t, αˆ) is the EM signal within the resolved sky resolution of the SGWB.
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3 Signal to noise ratio for network of gravitational wave detectors
The signal to noise ratio (SNR) for the measurement of the Cfν(∆tfν) can be obtained by integrat-
ing over the observation time Tobs and all sky directions αˆ. By estimating the SGWB signal over a
frequency bandwidth ∆f centered at f , and estimating the EM signal over a frequency bandwidth
∆ν, centered at ν, we can obtain the SNR as
SNR(Cfν(∆tfν)) =
(∑
k
∑
ij,i>j
∑
Tbins
∑
Npix
∫ f ′+∆f ′/2
f ′−∆f ′/2
df
∫ ν′+∆ν′/2
ν′−∆ν′/2
dν
C2fν(tobs,∆tfν , αˆ)
∆Ω2Nij(f)∆I2Nk(ν)
)1/2
,
(16)
where summation over k denotes all the EM missions observing the sky at frequency ν with de-
tector noise power spectrum ∆I2Nk(ν) (and assuming that the background intensity signal Ibs(ν) is
stationary), the sum over {ij} denotes different pair of gravitational wave detectors, ∆Ω2Nij(f) =
100pi4PiPjf
6/9H40γ
2(f, t, αˆ) is the SGWB noise power spectrum at frequency f 1 which can be
written in terms of the noise power spectrum of the ith gravitational wave detector Pi (and Pj for
the jth detector), and the normalized overlap reduction function γ(αˆ, f, t) depends on the detector
response function 65, 66. Tbins = Tobs/δt is the number of independent temporal bins available over
the observation time Tobs, and Np is the number of independent sky patches in the overlapping ob-
served sky area fsky between the map of SGWB and sky map of EM signal. The angular resolution
of the SGWB map is diffraction limited given by ∆Θgw = c/2fD whereD is the distance between
a pair of gravitational wave detectors. The above mentioned SNR improves with more observation
time, more number of gravitational wave detectors and EM detectors, better sky resolution, and
larger fraction of observable sky area.
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fi a1
(×10−1)
a2
(×10−2)
a3
(×10−2)
fmerg 2.9740 4.4810 9.5560
fring 5.9411 8.9794 19.111
fcut 8.4845 12.848 27.299
fw 5.0801 7.7515 2.2369
Table 1: We show the values of the parameters to obtain the frequency fmerg, fring, fcut, and fw
denoted by the functional form fi = c3(a1η2 + a2η + a3)/piGM 56.
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